This paper investigates how the thermal diffusion of boron in silicon is influenced by a high energy fluorine implant with a dose in the range 5 ϫ 10 14 -2.3ϫ 10 15 cm −2 . Secondary Ion Mass Spectroscopy (SIMS) profiles of boron marker layers are presented for different fluorine doses and compared with fluorine profiles to establish the conditions under which thermal boron diffusion is suppressed. The (SIMS) profiles show significantly reduced boron thermal diffusion above a critical F + dose of 0.9-1.4ϫ 10 15 cm −2 . Fitting of the measured boron profiles gives suppressions of the boron thermal diffusion coefficient by factors of 1.9 and 3.7 for F + implantation doses of 1.4 ϫ 10 15 and 2.3ϫ 10 15 cm −2 , respectively. The suppression of boron thermal diffusion above the critical fluorine dose correlates with the appearance of a shallow fluorine peak on the (SIMS) profile in the vicinity of the boron marker layer. This shallow fluorine peak is present in samples with and without boron marker layers, and hence it is not due to a chemical interaction between the boron and the fluorine. Analysis of the (SIMS) profiles and cross-section Transmission Electron Microscope micrographs suggests that it is due to the trapping of fluorine at vacancy-fluorine clusters, and that the suppression of the boron thermal diffusion is due to the effect of the clusters in suppressing the interstitial concentration in the vicinity of the boron profile.
I. INTRODUCTION
Over the past few years there has been considerable interest in the effect of fluorine on boron diffusion in silicon. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] This research has been motivated by the requirement in advanced CMOS technologies to minimize boron diffusion for the formation of shallow source/drain junctions and sharply defined halo profiles. 19, 20 The minimization of boron diffusion is also important in bipolar transistors, where boron diffusion limits the achievable base width and hence the value of cutoff frequency that can be obtained. 21 The suppression of boron diffusion is difficult to achieve in practice because of both boron thermal diffusion and boron transient enhanced diffusion due to damage created during ion implantation. 22 Work on the effects of fluorine from a BF 2 + implant showed that shallower junctions could be obtained when BF 2 + was implanted instead of B + .
1, 7, 8 In later work 2-6,9-15,17,18 fluorine was implanted separately to the boron to characterize the effect of the fluorine on boron diffusion. This work showed that the fluorine implant reduced boron transient enhanced diffusion [2] [3] [4] [5] 9, 11, 13, 14, [16] [17] [18] and increased boron activity. 2 However, there have also been contradictory reports in the literature, which showed that fluorine implants had little or no effect on boron transient enhanced diffusion 10 and that fluorine enhanced boron diffusion in preamorphized silicon 6 using a silicon implant. 15 Recently El Mubarek and Ashburn 18 showed that a deep F + implant significantly reduced boron thermal diffusion, as well as eliminating transient enhanced diffusion. Several alternative mechanisms have been proposed to explain the effect of the fluorine on both boron transient enhanced diffusion and boron thermal diffusion in silicon. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] A chemical interaction between boron and fluorine has been proposed to explain the suppression of boron transient enhanced diffusion by fluorine, 4, 9, 11, 14, 16 in which the fluorine combines with interstitial boron reducing its mobility 4, 11, 14, 16 or reduces the probability of formation of a boron interstitial pair. 9, 11 Alternatively, the formation of vacancy-fluorine complexes has been proposed, 13, 17, 18, [23] [24] [25] [26] which act as a barrier for boron diffusion, 13 or suppress the interstitial concentration and hence reduce boron transient enhanced diffusion 17 and thermal diffusion. 18 Finally the interaction of fluorine with silicon interstitials has been widely proposed as a mechanism of suppressing boron transient enhanced diffusion.
2, [4] [5] [6] [7] [8] [9] [10] 18 In this paper, experiments are performed to investigate how the fluorine implantation dose influences the thermal diffusion of boron marker layers in silicon. Boron secondary ion mass spectroscopy (SIMS) profiles are studied for different fluorine implantation doses and compared with the corresponding fluorine profiles. It is shown that a critical fluorine dose exists, above which the fluorine suppresses boron thermal diffusion and below which it does not and that this critical fluorine dose correlates with the appearance of a shallow fluorine peak on the fluorine SIMS profile in the vicinity of the boron marker layer. Explanations are proposed for the origin of this shallow fluorine peak and its effect on boron thermal diffusion.
II. EXPERIMENTAL PROCEDURE
Silicon layers with and without a buried boron-doped marker layer were grown on (100) silicon wafers using molecular beam epitaxy at 520°C and low pressure chemical vapor deposition at 800°C, respectively. Samples from the same wafer were then given a 185 keV fluorine implant with a dose in the range 5 ϫ 10 14 -2.3ϫ 10 15 cm −2 . By comparing boron profiles on F + implanted and unimplanted samples it is therefore possible to unambiguously determine the effect of the fluorine implantation dose on the boron thermal diffusion. The layers were annealed by rapid thermal annealing in nitrogen at 1000°C for 30 s. Boron (B11) and fluorine (F19) concentration depth profiles were obtained on all samples by SIMS using a 10 keV O 2 + beam. The annealed boron (SIMS) profiles were fitted using the fully coupled diffusion model in the Silvaco Athena simulation program and the diffusion coefficient was extracted from the best fit obtained. The layers were also analyzed by transmission electron microscopy (TEM). 15 and 2.3ϫ 10 15 cm −2 , an additional shallow fluorine peak can he seen in the vicinity of the boron profile, extending from 0.07 to 0.22 m and 0.04 to 0.22 m, respectively. A substantial shoulder can also be seen, extending from about 0.22 to 0.28 m. The shallow fluorine peak in the samples with a boron marker layer shows the presence of ripples, whereas no ripples are present in the samples without the boron marker layer. However, it should be noted that the samples with the boron marker layer were grown using molecular beam epitaxy, whereas the samples without the boron marker layer were grown using low pressure chemical vapor deposition. The small ripples may therefore be an artefact of the growth method, for example, due to the trapping of fluorine at interfaces created by short growth interrupts during the molecular beam epitaxy. Table II summarizes the integrated fluorine doses in different regions of the profiles before and after anneal for fluorine implanted silicon with boron marker layers. The integrated fluorine doses after implant are in reasonable agreement with the implanted dose. The total fluorine doses after anneal indicate that considerable fluorine is lost during anneal, with less fluorine lost for higher implanted doses. For all implant doses the majority of the fluorine after anneal is , where suppression of boron thermal diffusion is seen, 2.5% and 5.2%, respectively, of the fluorine resides in the shallow fluorine peak (0.04-0.22 m, and 1.6% and 2.9%, respectively, resides in the shoulder (0.22 to 0.28 m). FIG. 4. Fluorine SIMS profiles before and after an anneal of 30 s at 1000°C in dry N 2 for samples with and without a boron marker layer. The samples with the boron marker layer were grown using MBE whereas the samples without the boron marker layer were grown using LPCVD. Results are shown for fluorine implantation doses of (a) . Thus, the trend for the fluorine shoulder is similar to that for the shallow fluorine peak with the difference that the rise in peak fluorine concentration from the SIMS background occurs at a lower fluorine dose. For the deep fluorine peak, a high concentration of fluorine is present for all F + doses and this value rises with increasing F + dose. A similar trend is seen in samples with and without the boron marker layer, though the values of fluorine concentrations tend to be slightly higher in the former samples. Figure 6 (a) shows a light field, cross-section TEM micrograph of a silicon layer with a buried boron marker layer grown by molecular beam epitaxy, implanted with 2.3 ϫ 10 15 cm −2 fluorine and annealed at 1000°C. A band of defects can be seen extending from a depth of 0.29 to 0.73 m but no defects are seen at depths shallower than 0.29 m. A comparison with the SIMS profile in Fig. 4(d) shows that this band of defects corresponds approximately with the position of the deep fluorine peak on the SIMS profile. Figure 6 (b) shows a higher magnification micrograph of the band of defects and indicates that the defects consist of dislocation loops with various shapes and sizes ranging from 11 to 96 nm. TEM micographs (not shown here) of samples implanted with 2.3ϫ 10 15 cm −2 F + show that the layers are crystalline after implant and show no amorphization due to the fluorine implant.
III. RESULTS

Figure 1 shows boron SIMS profiles in samples im
IV. DISCUSSION
The results in Fig. 1 clearly show no reduction of boron thermal diffusion at F + doses of 5 ϫ 10 14 and 9 ϫ 10 14 cm −2 , but significant reduction at a F + dose of 1.4ϫ 10 15 cm −2 . Furthermore, the results in Fig. 3 show that a shallow fluorine peak is present in the vicinity of the boron marker layer for a F + dose of 1.4ϫ 10 15 cm −2 , but is not present for lower doses. Thus there is a correlation between the appearance of the shallow fluorine peak in the vicinity of the boron marker layer and the reduction of boron thermal diffusion. This reduction of boron thermal diffusion occurs above a critical F + dose of between 9 ϫ 10 14 and 1.4ϫ 10 15 cm −2 . The shallow fluorine peak in Fig. 3(c) lies at a depth of about 0.07-0.22 m, which corresponds to 0.17-0.53R p , where R p is the range of the fluorine implant. Simulations of vacancy and interstitial profiles after implantation 27, 28 have predicted a vacancy-rich region extending from the surface to a depth approaching the implantation rang R p and a deeper interstitial-rich region peaking at a depth just beyond R p . This indicates that the shallow fluorine peak lies in the vacancy-rich region of the damage profile. Work on the diffusion of fluorine in silicon has shown that fluorine diffuses extremely rapidly in silicon with significant diffusion occurring at temperatures as low as 550°C. 29 Thus on the basis of diffusion alone we would not expect to see much fluorine remaining after the 30 s anneal at 1000°C used in our work. The presence of large fluorine peaks in Fig. 3 after anneal, therefore, suggests that fluorine has been trapped at defects created by the fluorine implant. The TEM micrograph in Fig.  6 shows no evidence of extended defects down to a depth of 0.29 m, and hence the trapping of fluorine at the shallow fluorine peak must be due to defects that are too small to resolve by TEM. There is considerable evidence in the literature for the formation of vacancy-fluorine clusters. 13, 17, [23] [24] [25] For example, Shano et al. 13 proposed the presence F-V 6 clusters on the basis of ab initio calculations and Diebel et al. 17, 25 proposed the presence of F-V 3 clusters. 17, 25 Positron annihilation spectroscopy has also been used to directly show the presence of fluorine vacancy complexes close to the surface. 23 Our results are consistent with this work, and hence we propose that the shallow fluorine peak is due to the trapping of fluorine at vacancy-fluorine clusters. Support for this conclusion comes from the results in Fig. 5 , which show that a fluorine concentration after anneal of Ϸ1 ϫ 10 18 cm −3 is needed for the fluorine vacancy clusters to form and for boron thermal diffusion to be reduced. This value is in agreement with the results of Shano et al., 13 who showed that a minimum fluorine concentration of 1 ϫ 10 18 cm −3 was required after anneal to suppress boron transient enhanced diffusion.
A comparison of the SIMS profile in Fig. 4(d) with the TEM micrograph in Fig. 6 , shows that the deep fluorine peak correlates with the band of dislocation loops. The deep fluorine peak extends from about 0.28 to 0.70 m, which compares with the band of defects in Fig. 6 30 Given the similarity between these reported loops and those in Fig. 6 , and the location of the deep fluorine peak in the interstitial-rich region of the fluorine damage profile, we propose that the deep fluorine peak is due to fluorine clustering at interstitial dislocation loops.
As discussed in the introduction, several alternative mechanisms have been proposed to explain the effect of fluorine in suppressing the transient enhanced diffusion of boron, including a chemical interaction between boron and fluorine, 4, 9, 11, 14, 16 the presence of vacancy-fluorine cluster 13, 17, 18, 25 and the interaction of fluorine with interstitials.
2,4-10, 18 The possibility of a chemical interaction between boron and fluorine can be discounted, since the shallow fluorine peak is seen whether or not a boron marker layer is present, as shown in Figs. 4(c) and 4(d) , indicating that the shallow fluorine peak is not caused by the presence of the boron marker layer. Figure 4 also shows that the deep fluorine peak is present at all F + doses, while Fig. 1 shows that suppression of boron thermal diffusion is only seen for the highest F + dose of 1.4ϫ 10 15 cm −2 . Trapping of interstitials at dislocation loops in the deep fluorine peak can therefore also be discounted as an explanation for the effect of fluorine on boron thermal diffusion. The strong correlation between the suppression of boron thermal diffusion and the appearance of the shallow fluorine peak in the vicinity of the boron marker layer at a fluorine implantation dose of 1.4 ϫ 10 15 cm −2 provides clear evidence that this peak is responsible for the suppression of boron thermal diffusion. The presence of vacancy-fluorine clusters in the vicinity of the boron marker layer, as discussed above, would be expected to give an undersaturation of the local interstitial concentration, since any interstitials in the vicinity would be able to recombine and annihilate with vacancies at or near the vacancy-fluorine clusters. Since boron diffusion in silicon is mediated by interstitials, an undersaturation of the interstitial concentration would give rise to a suppression of the boron thermal diffusion.
A comparison of the shapes of the shallow fluorine peaks in Figs. 4(c) and 4(d) shows not only an increase in peak fluorine concentration with F + implantation dose, but also a broadening of the peak. Taking a fluorine concentration after anneal of 1 ϫ 10 18 cm −3 as a reference (the concentration required for the shallow peak formation), the shallow fluorine peak extends to within 0.15 m of the surface for a F + dose of 1.4ϫ 10 15 cm −2 and within 0.07 m for a dose of 2.3 ϫ 10 15 cm −2 , as shown in Table III . Thus the shallow fluorine peak extends closer to the surface at the higher F + dose. This behavior can be understood if critical fluorine and vacancy concentrations after implant are required for the vacancyfluorine clusters to form. The as-implanted fluorine profiles in Fig. 4 show a rising fluorine concentration with increasing depth in the vicinity of the shallow fluorine peak. In contrast, simulations of vacancy profiles after implant 27 indicate that the vacancy concentration decreases with increasing depth, which is the opposite trend to the fluorine concentration. In the surface region where the shallow fluorine peak is located, the fluorine concentration is low but the vacancy concentration is high, so the fluorine concentration would be expected to limit the vacancy-fluorine cluster formation. This can explain why the shallow fluorine peak extends towards the surface with increasing F + dose, since the depth at which the fluorine concentration after implant reaches the critical value TABLE III. Estimation of the fluorine concentration after implant required for the formation of the shallow fluorine peak and the fluorine shoulder obtained from an analysis of the depths at which the fluorine concentration after anneal drops below the critical value of 1 ϫ 10 18 cm −3 . required for cluster formation (value estimated below) lies closer to the surface at higher fluorine doses. The critical fluorine concentration after implant required for vacancy-fluorine cluster formation can be estimated either from the point on the shallow fluorine peak at which the fluorine concentration drops below 1 ϫ 10 18 cm −3 or from the as-implanted fluorine concentration in the vicinity of the shallow fluorine peak at the critical F + implant dose. Values of critical fluorine concentration after implant are summarized in Table III for the first method and in Table IV Table IV are of the same order as those in Table III , which gives some confidence in their validity. From this data it can therefore be concluded that the critical fluorine concentration after implant for the formation of the vacancy-fluorine clusters in the shallow fluorine peak is in the range 3.6ϫ 10 18 -6.6ϫ 10 18 cm −3 . Finally, it is interesting to speculate on the origin of the fluorine shoulder, which is present at a depth of 0.22-0.28 m. This is equivalent to a depth of 0.52-0.67 R p , which indicates that the shoulder is in the vacancy-rich region of the damage profile. The TEM results in Fig. 6 show that there are no dislocation loops at this depth, and hence the shoulder is not due to trapping of fluorine at dislocation loops. Furthermore, the results in Fig. 5 show that the variation of peak fluorine concentration in the shoulder with implanted fluorine dose follows a similar trend to that seen in the shallow fluorine peak, though with the critical fluorine dose shifted to a lower value. These considerations point to the conclusion that the shoulder is due to some kind of vacancy-fluorine cluster. Following the two approaches described above for estimating the critical F + dose after implant, Table III ϫ 10 18 cm −3 ͒, which suggests that the fluorine shoulder may be due to a different type of vacancy-fluorine cluster than the shallow fluorine peak. Since the shoulder is in a region where the fluorine concentration is high and the vacancy concentration is low 27 after implant, we speculate that the clusters in this region may be fluorine rich. Similarly, since the shallow fluorine peak is in a region where the fluorine concentration is low and the vacancy concentration high 27 after implant, we speculate that the clusters in this region may be vacancy rich. Support for this hypothesis comes from reports in the literature which showed that for a 0.5 MeV, 5 ϫ 10 15 cm −2 F + implant, V-dominated V-F complexes were formed closer to the surface and, F-dominated V-F complexes were formed deeper closer to the implantation range. 23 Further work is needed to confirm this hypothesis.
V. CONCLUSIONS
A study has been carried out of the effect of fluorine implants with doses in the range 5 ϫ 10 14 -2.3ϫ 10 15 cm −2 on the thermal diffusion of boron marker layers in silicon. For F + doses of 1.4ϫ 10 15 and 2.3ϫ 10 15 cm −2 the fluorine significantly reduces the boron thermal diffusion coefficient by factors of 1.9 and 37, respectively. This reduction of boron thermal diffusion correlates with the appearance of a shallow fluorine peak ͑depth= 0.07-0.22 m͒ in the SIMS profile at a F + dose of 1.4ϫ 10 15 cm −2 . This peak is present in samples with and without the boron marker layer and hence is not due to a chemical interaction between the fluorine and boron. The results suggest that the shallow fluorine peak is due to vacancy-fluorine clusters and that the reduction in boron thermal diffusion is due to a suppression of the excess interstitial concentration in the vicinity of the boron marker layer due to the presence of the clusters. Analysis of the SIMS profiles indicates that a fluorine concentration after implant in the range 3.6-6.6ϫ 10 18 cm −3 is needed for the vacancy-fluorine clusters to form. TABLE IV. Estimation of the fluorine concentration after implant required for the formation of the shallow fluorine peak and the fluorine shoulder obtained from analysis of the peak fluorine concentrations in the shallow fluorine peak and fluorine shoulder at different F + implant doses. 
